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1. Introduction
Milk fluoridation has been shown to be an effective public
health measure1 and has been recommended for target groups
with high caries prevalence and poor compliance for oral
hygiene in areas without water fluoridation.2 Bearing in mind
that milk fluoridation is almost exclusively targeted at
children in kindergartens and primary schools, one of the
main tasks for the research community should be to focus on
the optimization of fluoride delivery from milk to maximize its
benefit/risk ratio.
Studies on the optimization of fluoride delivery have
generally focused only on conventional oral care products,
and these results are not necessarily translatable to fluoridat-
ed milk. Previous research on dentifrices and mouth rinses
highlighted the importance of fluoride concentration vs.
dose,3 exposure/brushing time and dose effects4 and frequen-
cy of fluoride exposure5 to name only a few. The temperature
of fluoride application is also pertinent, however studies are
few and primarily focused on the effect of temperature on
in vitro enamel fluoride uptake (EFU).6,7 Increasing the
temperature of fluoride delivery from rinses and dentifrices
is generally impractical, and organoleptically unfavourable.
However, it potentially provides a possible route for enhancing
the effectiveness of fluoridated milk.
The fluoride dose–response of fluoridated milk has been
studied under in situ8,9 and in vitro conditions.10,11 In situ, a
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Objectives: The aim of the present in vitro study was to investigate the effects of fluoride
concentration and temperature of milk on caries lesion rehardening under pH cycling
conditions.
Methods: Incipient caries-like lesions were formed in human enamel specimens, character-
ized using Vickers surface microhardness (VHN) and assigned to seven treatment groups
(n = 18 per group): fluoride was tested at five levels (0, 2.5, 5, 10, 20 mg/l, all 22 8C) and milk
temperature at three levels (4, 22, 60 8C), but only for 10 mg/l F. Lesions were pH cycled for
15d (4/daily 10 min milk treatments, 1/daily 4 h acid challenge, remineralization in
human/artificial saliva mixture). VHN of specimens were measured again and changes
from lesion baseline were calculated. Subsequently, enamel fluoride uptake (EFU) was
determined using the micro drill technique.
Results: Lesions responded to fluoride in a dose–response manner with higher fluoride
concentrations resulting in more lesion rehardening (20 > 10  5  2.5 > 0 mg/l F). Further-
more, fluoridated milk at 60 8C was found to be more efficacious than at 4 8C (60  22 > 4 8C).
EFU results were similar (20 > 10 > 5 > 2.5  0 mg/l F; 60 > 22  4 8C).
Conclusions: Both fluoride concentration and milk temperature are likely to contribute to the
anti-caries potential of fluoridated milk.
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fluoride dose–response was shown for the prevention of
enamel surface softening,8 but not for the enhancement of
lesion remineralization.9 Previous in vitro studies have been
equally equivocal and showed a fluoride dose-dependency to
lesion remineralization10 but not to demineralization preven-
tion. While the in vivo data1 clearly supports fluoridated milk
as a public health intervention, it is still unclear as to whether
milk follows a similar pattern in its fluoride delivery to other
vehicles, such as toothpastes and rinses.
Consequently, the aims of the present in vitro study on
caries lesion rehardening were two-fold: (a) to verify a fluoride
dose–response relationship for fluoridated milk and (b) to
investigate the effect of the application temperature of
fluoridated milk.
2. Materials and methods
2.1. Specimen preparation
Enamel specimens were obtained from human permanent
molars (only buccal and/or lingual surfaces were used)
obtained from dental offices located in the USA. Tooth crowns
were cut into 4 mm  3 mm specimens using a Buehler Isomet
low-speed saw. The teeth were stored in deionized water
saturated with thymol during the sample preparation process.
Specimens were ground and polished to create flat, planar
parallel dentine and enamel surfaces using a Struers Rotopol
31/Rotoforce 4 polishing unit (Struers Inc., Cleveland, PA, USA).
The dentine side of the specimens was ground flat to a
uniform thickness with 500-grit silicon carbide grinding paper.
The enamel side of the specimen was serially ground using
1200, 2400 and 4000 grit paper. The specimens were then
polished using a 1 mm diamond polishing suspension on a
polishing cloth. Resulting specimens had a thickness range of
1.7–2.2 mm. The specimens were assessed under a Nikon SMZ
1500 stereomicroscope at 20 magnification for cracks,
hypomineralized (white spots) areas or other flaws in the
enamel surface that would exclude them from use in the
study. Prepared specimens were stored at 100% relative
humidity at 4 8C until use. All specimens were prepared by
the same, well-trained technicians using standard operating
procedures. Eighteen specimens per treatment group were
used for this study (based on a sample size calculation, data
not shown).
2.2. Artificial caries lesion formation
Artificial caries lesions were formed in the enamel specimens
by a 6-day immersion at 37 8C in a solution containing 0.10 M
lactic acid, 0.20% Carbopol C907, 4.1 mM CaCl22H2O, 8.0 mM
KH2PO4 adjusted to pH 5.0 (using KOH). Lesions were stored at
100% relative humidity at 4 8C until use.
2.3. Lesion baseline characterization
The average specimen surface microhardness (VHNbase) after
caries lesion formation was determined from four indenta-
tions on the surface of each specimen using a Vickers
microhardness indenter at a load of 200 g for 15 s. Only
specimens with a VHNbase ranging from 35 to 65 were included
in the study. Specimens were then assigned to groups and
subgroups following a stratified randomization procedure,
based on their VHNbase. No sound enamel baseline hardness
measurements were performed in the present study as these
data were not needed in the calculation of rehardening
efficiency and fluoride dose–response.
VHN was chosen instead of the ‘gold-standard’ technique
transverse microradiography or cross-sectional microhardness
as VHN was found to be more sensitive to detect differences
between treatment groups in their ability to reharden incipient
caries lesions when several of these techniques were used in the
same study.12,13 Specimens employed in the present study were
a subset of specimens prepared for an in situ study. The latter
specimens were analyzed using transverse microradiography
and presented typical subsurface caries lesions with the
following mean lesion parameters: DZ = 2300 vol% min mm;
L = 72.8 mm, SZmax = 49 vol% min.
2.4. pH cycling model
A modified version of the pH cycling model developed by
White14 was employed in the present study. The daily cyclic
treatment regimen, which was repeated for 15 d, consisted of a
4-h acid challenge in the lesion forming solution (10 am to
2 pm) and four, 10-min milk treatment periods (8 am, 9 am,
3 pm, 4 pm) with specimens stored in a 1:1 mixture of pooled
human/artificial saliva all other times.
A 1:1 mixture of human saliva (wax-stimulated and from at
least five healthy volunteers, pooled and refrigerated until use)
and artificial saliva (2.20 g/l gastric mucin, 1.45 mM
CaCl22H2O, 5.42 mM KH2PO4, 6.50 mM NaCl, 14.94 mM KCl)
was used as the remineralization medium. Fresh saliva
mixture was used each day (changed during the acid challenge
period). The pH cycling phase was conducted at room
temperature unless noted otherwise. Only the saliva mixture
was stirred (350 rpm).
2.5. Milk treatments
Instant nonfat dry milk (Kroger Brand, USA) was reconstituted
using deionized water and in a ratio as recommended by the
manufacturer. Deionized water was used instead of tap water
to avoid the introduction of a significant source of fluoride (tap
water in the USA contains 0.7 mg/l fluoride). Fluoride (F) was
added as sodium fluoride and using a 1000 mg/l F solution to
prepare milk with the following fluoride concentrations: 0
(placebo, no F added); 2.5; 5; 10; 20 mg/l. Fresh milk samples
were prepared just prior to each treatment. Milk was used at
room temperature (measured to be 22  1 8C during the course
of the study). Fluoridated milk at 10 mg/l F was also employed
at 4 and 60 8C to resemble ‘refrigerated’ and ‘hot’ milk. A
temperature of 60 8C was chosen as it was found to be the
mean preferred temperature for drinking coffee in a consumer
study.15 For temperature-adjusted treatments, non-fluoridat-
ed, reconstituted milk and F solutions were cooled or heated to
the desired temperature before being mixed and used
immediately thereafter. After treatments, specimens were
rinsed briefly under running deionized water before being
placed back into the saliva mixture.
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2.6. Post-pH cycling lesion characterization
The mean VHNpost of each specimen was determined, as
described above, from four indentations on the surface of each
specimen, next to the baseline indentations. The change in
VHN vs. lesion baseline was calculated as follows:
DVHN = VHNpost  VHNbase. Each specimen served as its
own control.
2.7. Enamel fluoride uptake (EFU)
After the VHNpost measurements, the fluoride content of each
enamel specimen was determined using the microdrill
technique16 to a depth of 100 mm. The diameter of the drill
hole was determined. The enamel powder from the drill hole
was collected, dissolved (20 ml of HClO4 + 40 ml citrate/EDTA
buffer + 40 ml deionized water) and analyzed for fluoride by
comparison to a similarly prepared standard curve. Fluoride
data was calculated as mg F/cm3.
2.8. Statistical analysis
The variables DVHN and EFU were calculated for each specimen
and analyzed using a one-way analysis of variance (ANOVA)
model after normal distribution of the data was confirmed
(Shapiro–Wilk test). DVHN was the primary variable. Where
significant differences were indicated, the individual means
were analyzed by Fisher’s Least Significant Difference test.
The significance level for the analyses was set at 5%.
3. Results
VHNbase were virtually identical between treatment groups
(mean range 49.0–49.8). The results and statistical analyses for
both study variables can be found in Table 1. A linear F dose–
response was established for both the DVHN (R2 = 0.89) and
EFU data (R2 = 0.94). Likewise, a linear dose–response was
established for temperature vs. DVHN (R2 = 0.92) and vs. EFU
(R2 = 0.99) for the 10 mg/l F treatment groups. Both data sets
showed that higher F concentrations and higher milk
temperatures resulted in more rehardening and higher EFU.
The DVHN and EFU data were only weakly correlated
(Pearson’s correlation of 0.51).
4. Discussion
Milk is by no means the ideal delivery vehicle for fluoride: its
calcium content can lead to decreases in F bio availability over
time,17 and as milk is intended to be consumed primarily by
children, the risk of fluorosis and fluoride toxicity must be
considered. The American Academy of Pediatrics proposed a
daily fluoride dose of between 0.05 and 0.07 mg F/kg body -
weight/day,18 which is generally accepted as ‘a useful upper
limit for fluoride intake by children’.19 Bearing this upper limit
in mind, milk fluoride concentrations as high as 8–10 mg/l
(depending on body weight) could be supported for children
older than eight. In adults, a tolerable upper intake level of
10 mg fluoride per day was recommended by the US Institute
of Medicine in 1997,20 thereby allowing additional room for
investigation.
Milk has several advantages over conventional fluoridated
oral care products, such as mouthwashes and toothpastes.
Intra-oral contact times are considerably longer for milk as it is
typically consumed over longer periods of time (10 min vs.
2 min for rinses, toothpastes). Milk is palatable over a wide
temperature range, and fluoridated milk can be easily
prepared ‘on-site’ (especially when powdered milk is used) –
to name only a few of its advantages which have made it a
successful public health measure.
The present study has shown (Table 1) that – given the
limitations of the study – an increase in milk fluoride
concentration can lead to more rehardening of incipient
caries lesions which is paired with an increased F accumula-
tion in the lesions. These results; i.e. a F dose–response, were
in agreement with a previous in vitro study8 and somewhat
mirror those observed for toothpastes clinically,21 highlighting
similarities between these different F vehicles. The perhaps
more interesting result of the present study was that an
increase in milk temperature can also enhance, and vice versa
decrease in temperature diminish F efficacy. These observa-
tions can be explained by increased mobility of the F ion with
increasing temperature,22 providing findings from aqueous
solutions can be extrapolated to milk, and/or an increased
reaction rate of fluoride with mineral as the temperature
increases. However, milk consumed at elevated or lower
temperatures will not remain at these temperatures in the oral
cavity for long. Likewise, it must also be noted in this context
that numerical differences in EFU between treatment groups
in the present study were relatively small. Reasons could be
two-fold: (a) the employed low F concentrations simply do not
allow for more rehardening to occur and (b) in vitro caries
models do not take into systemic effects into account which
have to be considered for fluoridated milk. The presently used
model was modified and milk treatment times of 10 min were
employed to maintain some physiological relevance, although
considerably longer treatment times could have been justified
based on other previous studies.11,23 The total number of
treatments during the course of the study (4/d over 15 d = 60
treatments) is somewhat equivalent to three months of
fluoridated milk use (assuming 1/d and 5d/week). Consider-
ing that in vitro research often overestimates in vivo effects, it
remains to be seen if the present findings can be extrapolated
and applied to current milk fluoridation programmes, by
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Table 1 – Means W standard deviations and results of the
statistical analyses for all study variables (n = 18 per
treatment group).
F in milk
[mg/l]
Milk temp.
[8C]
DVHN EFU [mg F/cm3]
0 22 2.6  7.1 Ea 075  137 D
2.5 22 8.9  9.4 CD 196  89 D
5 22 12.2  6.1 CD 356  140 C
10 4 8.3  5.5 D 513  242 B
10 22 14.0  4.5 BC 598  153 B
10 60 18.7  12.2 AB 740  195 A
20 22 20.3  10.5 A 789  325 A
a Significant differences between treatment groups are high-
lighted by different letters.
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perhaps providing hot fluoridated milk in insulated mugs in
future.
Further studies to evaluate the effect of temperature on F
efficacy should focus on the intra-oral uptake to and retention
of F in plaque and plaque fluid before confirming present
results using clinically relevant in situ caries models. Likewise,
potential adverse effects on F toxicity in relation to its delivery
temperature will have to be studied. Furthermore, the impact
of different milk sources (pasteurized, UHT, powder, various
fat contents) and F salts (sodium monofluoro phosphate) on
the present findings needs to be investigated.
5. Conclusions
The present in vitro study has shown that incipient caries
lesion rehardening is influenced by fluoride concentration in
milk and its application temperature. Lesion rehardening and
fluoride accumulation were found to follow a dose–response
relationship. The efficacy of fluoridated milk was enhanced by
an increase in milk application temperature. However, caution
must be issued as laboratory research often overestimates
in vivo effects. Hence, present results will have to be
confirmed using more physiologically relevant in situ and
in vivo models representative of the caries process.
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